Abstract: 6-Chloro-5,6-dihydro-dibenzo [c,e][1,2]azaborinine (1) reacts with pyridine derivatives to borenium or boronium ions. The boronium ion obtained from reaction with an excess of pyridine could be characterized structurally and transforms into the borenium ion in solution. The reaction of 1 with 2,2′-bipyridine (a) and derivatives (b: 6,6′-dimethyl; c: 4,4′-di-tert-butyl) results in spirocyclic boronium ions 8a-c of which 8b could be characterized by X-ray crystallography. Despite the chelate effect, the spirocyclic boronium ions readily undergo hydrolysis or alcoholysis. Treatment of the spirocyclic boronium ion 8c with potassium hexamethyl disilazide (KHMDS) results in neutral products that are monomers, dimers, or trimers of dibenzo [c,e] [1,2]azaborinine ("BN-phenanthryne") trapped with 4,4′-di-tert-butyl-2,2′-bipyridine by formation of B-C, B-N, or dative B-N bonds, indicative of deprotonation of NH and CH bonds of the boronium ion by KHMDS.
Introduction
Heteroatom substitution in polycyclic aromatic hydrocarbons (PAH) has the potential to provide novel materials for technology [1] . The combination of boron and nitrogen receives particular attention due to the isoelectronic and isosteric relationship between a C-C and a B-N unit [2] [3] [4] [5] [6] . There is a considerable number of BN-substituted PAH's known today, but only a few feature BN substitution embedded within the interior of the PAH. These include BN-pyrene reported by Piers et al. [7] and B 3 N 3 -hexa-peri-hexabenzocoronene (BN-HBC, Scheme 1) [8, 9] .
An interesting scaffold in view of synthesis of BN-PAH's is the 5,6-dihydro-dibenzo[c,e][1,2]azaborinine motif that was introduced by Dewar in 1958 as the chloro derivative 1 [10, 11] . Compound 1, named 10-chloro-10,9-borazarophenanthrene by Dewar and Dietz [12] , was used to gain access to B-N analogs of arylphosphine ligands [13] , and very recently for the synthesis of condensed BNO-containing PAH that demonstrated potential in catalysis [14] . Dewar's methodology for building the dibenzazaborine scaffold, electrophilic borylation, was developed further for synthesis of condensed BN-phenanthrene derivatives that are of interest for phosphorescent organic light emitting diode applications [15] [16] [17] . Our research group has demonstrated that base induced dehydrochlorination of 1 using potassium hexamethyl disilazide (KHMDS) produces the formal cyclic trimer [18] (2) of dibenzo[c,e] [1, 2] azaborinine ("BN-phenanthryne") (Scheme 2) [19] . We could transform 2 into a dibenzoperylene derivative 3 with a B 2 N 2 unit in the bay region [20] .
The intermediacy of BN-phenanthryne in the formation of 2 from 1 has not been established. However, BN-arynes (Scheme 3) were recently invoked as reactive intermediates or were trapped and studied by direct spectroscopic methods by us [21] [22] [23] [24] .
Using the less bulky lithium diisopropyl amide (LDA) instead of KHMDS, on the other hand, results in substitution of chloride by diisopropyl amide rather than elimination [19] . This prompted us to probe the reactivity of 1 towards less basic nucleophiles such as pyridine or bipyridine derivatives. The closely related monocyclic derivative of 1,2-dihydro-1,2-azaborinine (4) reacts with pyridines to borenium ions 5 only once the very good leaving group triflate is introduced (Scheme 4) [25] . These BN-biphenyls were shown to have interesting optical properties [25] . Reaction of the borenium ions with an additional equivalent of pyridine should result in boronium ions of 1,2-dihydro-1,2-azaborinines. However, boronium ions of 1,2-azaborinine derivatives were not obtained under these reaction conditions, and have indeed not been described in the literature. Borocations [26, 27] , i.e. borinium, borenium, and boronium ions, are an important class of compounds that find utilization as electrophiles in stoichiometric and catalyzed transformations [28] . We here report that borenium and boronium ions of the dibenzo[c,e][1,2]azaborinine scaffold are accessible from 1. Treatment of the spirocyclic boronium ions with the strong non-nucleophilic base KHMDS results in formation of acyclic dimers and trimers of the BN-phenanthryne unit which are stabilized by bipyridine ligands by formation of covalent and dative bonds. These compounds are trapped intermediates in the base induced formation of trimer 2 from 1.
Results and discussion
Treatment of 1 ( 11 B: 34.1 ppm) with a large excess of pyridine in an NMR tube results in an immediate change of the solution color to yellow. This goes along with the disappearance of the signal of 1 and formation of a single broad 11 
B{
1 H} resonance at 8.1 ppm. Based on the chemical shift in the region of tetracoordinate boron, formation of a boronium ion 6 in the pyridine solution with coordination of two molecules of pyridines might be expected (Scheme 5). This is confirmed by single crystal X-ray crystallography. Bright yellow blocks were grown from a benzene and pyridine mixture. Compound 6 crystallizes triclinic in the space group P ̅ 1 with Z = 2 and one molecule of benzene in the unit cell (Fig. 1) . The chloride ion forms a hydrogen bond with the N-H proton with a N · · · Cl distance of 3.29 Å. The B1-N3 [1.623(4) Å] and B1-N2 [1.647(4) Å] bond lengths in 6 are similar to those in the boronium ions that were reported earlier [29] [30] [31] . The B1-C4 and B1-N1 bonds are longer in 6 [1.593(4) Å and 1.469(4) Å, respectively] than those found in the tricoordinated boron centers in related BN-phenanthrene structures [32] [33] [34] . The angle N1-B1-C4 [112.0(2)°] is slightly smaller than those found in the compounds mentioned above (~116°). All other C-C bond lengths are in the expected region. The structural changes are in agreement with the change of the formal hybridization of the boron center from sp 2 in the examples above to sp 3 in 6. The 1 H-NMR spectrum of the bright yellow solid 6 that was isolated from the reaction of 1 with an excess of pyridine after removal of volatiles measured at room temperature shows an 8:10 ratio of the protons of the dibenzazaborinine and two equivalent pyridine units. The 14 13 
C{
1 H}-NMR signals are in agreement with the boronium ion 6, provided the carbon atom next to the boron center is not detected due to the boron quadrupole moment. The 
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Scheme 4: Formation of a BN-biphenyl borenium ions 5 from 1,2-dihydro-1,2-azaborine derivative 4 according to Liu et al. [25] . the region of tricoordinate boron at 31.4 ppm. This is clearly incompatible with the boronium ion structure. Lowering the temperature results in a continuous shift of the boron signal to higher field, and at −20 °C only a broad signal (h ½ = 230 Hz) at 8.1 ppm is observed. The spectral change is reversible as after warming to room temperature the original spectrum is obtained. The H,H-NOESY spectrum acquired at room temperature shows that the pyridine ortho-H atoms are close to one CH and the NH of the dibenzazaborinine backbone. These NMR experiments show that the borenium ion 7 (see Fig. 2 ) is the dominant species in solution at 
. Hydrogen atoms omitted for clarity.
room temperature, and that the exchange of the two pyridine ligands presumably through the boronium ion intermediate is fast on the NMR timescale. The measured 11 B chemical shift of 31 ppm is quite similar to the one reported by Liu et al. for borenium ions 5 [25] . While the borenium ion is more favorable for entropic reasons at room temperature, the boronium ion 6 is preferred at lower temperatures, and it is the species that is observed at −20 °C. Under the high vacuum conditions of electron impact mass spectrometry (EI-MS) the pyridine molecules are lost and the neutral compound 1 forms; this is then ionized and detected in the MS measurement.
In order to increase the stability of the boronium ion towards dissociation into a borenium ion, we employed chelating 2,2′-bipyridines as nucleophiles (Scheme 6). In this way, spirocyclic boronium ions of a 1,2-dihydro-1,2-azaborine derivative are accessible for the first time. The salts 8a and 8b obtained from the reaction of 1 with 2,2′-bipyridine and 6,6′-dimethyl-2,2′-bipyridine are poorly soluble in organic solvents, and decompose quickly in aqueous or methanol solution. The identity of compounds 8a and 8b could be confirmed by high resolution ESI-MS provided the measurements were performed immediately after dissolution in methanol. The stability of 8a in D 2 O was sufficient to allow obtaining a 1 H and 11 B NMR, but hydrolysis precludes determination of a 13 C spectrum. Compound 8b was so rapidly decomposed in methanol solution that the 1 H and 11 B NMR spectra display significant degree of decomposition. A single crystal of 8b suitable for X-ray structural analysis could however be obtained from a dichloromethane solution (see Fig. 3 ). The The tert-butyl derivative 8c is reasonably soluble in organic solvents and could be fully characterized by multinuclear NMR spectroscopy as well as by mass spectrometry. It has a boron chemical shift of 7.1 ppm which is typical for boronium ions. The proton signal set clearly shows that the bipy ligand in 8c is symmetrical. Like 6, 8c is not stable under EI-MS conditions as just 1 and the free 4,4′-di-tert-butyl-2,2′-bipyridine ( t bubipy) are detected after ionization. In contrast to 6, HR-ESI spectrometry was possible and further confirms its identity. Measurements have to be done quickly after dissolution in methanol because 8c readily undergoes methanolysis to 6-methoxy-5,6-dihydro-dibenzo[c,e][1,2]azaborinine [35] .
The chelate effect of the tert-butyl-bipy substituent in 8c increases the stability of the boronium ion compared to that of 6 significantly as no decomposition could be observed in solution under anhydrous conditions. This prompted us to treat 8c with KHMDS as we expected that the resulting products could provide insight into the mechanism of the formation of trimer 2 under basic conditions. Here, the t bubipy ligand might stabilize reactive intermediates on way to 2 by formation of dative bonds.
Treating the orange colored toluene solution of 8c with 1 eq. KHMDS immediately results in a red solution. NMR spectroscopy indicates that this is an intricate mixture of products. We managed to obtain crystals of three different reaction products (Scheme 7, Figs. 4 and 5) from different solvents used for crystallization.
Product A grows from n-pentane as colorless needles. This allows separation from other reaction products and full characterization by NMR spectroscopy. The 1 H and 13 C NMR spectra show that the t bubipy group is not symmetrical. The 11 B NMR shift of 36.9 ppm is indicative of a three-coordinate boron center. Crystallization attempts resulted in interpenetrating single crystals from which we were not able to separate a useful single crystal, and thus a proper structure solution was not possible as the crystal quality was not sufficient. However, the obtained data are sufficient to get a poor structure solution, which suffices to support the structure derived by NMR spectroscopy. All attempts to grow better single crystals failed. Crystals of products B and C grew from n-hexane/benzene and benzene solutions, respectively. The corresponding compounds could not be isolated in amounts that are sufficient for further characterization. Product B is comprised of two dibenzazaborinine units that are interconnected by a new B-N bond (see Fig. 4 ). One of these units is bound to a dimer of t bubipy through one covalent (B2-N4 1.549(5) Å) and one dative (B2-N3 1.615(4) Å) B-N bond. The covalent B-N bond arises due to formal reduction of one pyridyl group to a 1,2-dihydropyridine moiety in the t bubipy dimer. Compound C is composed of three dibenzazaborinine and one t bubipy units (see Fig. 5 ). One dibenzazaborinine unit is bound to t bubipy through a new B-C bond (B3-C1 1.575(3) Å) involving a carbon atom ortho to a pyridine nitrogen. This nitrogen atom forms a dative bond (B1-N4 1.665(3) Å) to the neighboring dibenzazaborinine unit.
All three isolated products feature either new B-C bonds involving the t bubipy ligand (compounds A and C), a new C-C bond (B), and in addition new B-N bonds between BN-phenanthrene units (B and C). We interpret these new bonding arrangements as evidence for deprotonation at the NH unit and at one of the ortho-CH bonds of the t bubipy ligand in 8c. While compound A comprises a "monomeric" product with respect to the number of dibenzazaborinine units, compound C is closely related but features three borazarophenanthrene units that are interconnected by B-N bonds. The most remarkable feature of compound B is the new C-C bond that is due to nucleophilic attack of a deprotonated t bubipy ligand at the position ortho to nitrogen of another t bubipy ligand. This shows that CH-deprotonation is relevant under these reaction conditions, even though t bubipy itself is not acidic enough to be deprotonated by KHMDS at room temperature. However, coordination to boron is known to increase CH acidity of pyridine sufficiently to allow deprotonation with strong bases [36, 37] .
Dehydrohalogenation of the chloro compound 1 by KHMDS results in 2 by a mechanism that is most likely not involving free BN-phenanthryne as trapping experiments performed in our laboratory were not successful. More likely, 2 forms via a nucleophilic substitution that involves NH deprotonation of 1. The chelating t bubipy ligand is a much poorer leaving group than chloride. The t bubipy ligand cannot stabilize the neutral NH deprotonation product, but still allows nucleophilic substitution reactions to occur. In addition, CH deprotonation of the t bubipy ligand provides additional reaction channels. The three identified products A-C can be considered monomers, dimers, or trimers of BN-phenanthryne en route to 2 that are trapped and stabilized by the 
Conclusions
This study describes the synthesis and some properties of boronium ions of the 1,2-azaborinine scaffold for the first time. We can draw the following conclusions from our study. 1. The boron center of the dibenzo[c,e][1,2]azaborinine system undergoes nucleophilic substitution reaction more readily than that of the parent [1, 2] azaborinines as the latter requires better leaving groups than chlorine. Considering that the central ring of phenanthrene is less aromatic than benzene, the increased electrophilicity of the boron center in the dibenzo series is in agreement with the expected reduction of the aromaticity of the 1,2-azaborinine ring in the 5,6-dihydro-dibenzo[c,e][1,2]azaborinine system. 2. The formation of boronium ions with pyridine derivatives is a consequence of the increased electrophilicity of the dibenzo[c,e][1,2]azaborinine system. In the absence of excess pyridine, boronium ion formation is reversible and dissociation into the borenium ion is observed. 3. The formation of spirocyclic boronium ions proceeds readily with 2,2′-bipyridine derivatives, and these ions are stable in the absence of water or alcohols. 4. Treatment of the spirocyclic boronium ion 8c with one equivalent KHMDS results in formation of a complex reaction mixture that does not contain the cyclic trimer 2 of BN-phenanthryne. 5. The identified reaction products A, B, and C are the neutral monomer, dimer, or trimer of the BN-phenanthryne that form B-C and B-N bonds with t bubipy. This shows that both NH and CH deprotonation of 8c is viable under the reaction conditions. 6. The formation of products B and C provides evidence for the operation of a nucleophilic substitution mechanism involving NH deprotonation of 1 because B and C can be considered intermediates in the formation of 2 that are trapped by interaction with t bubipy.
Experimental details
General procedures
All experiments were performed under anhydrous conditions using argon as protective gas. Dry solvents were collected from a commercially available solvent purification system. All NMR spectra were referenced to residual solvent signals ( . All commercially available compounds were purchased from commercial suppliers. NMR spectra were recorded on Bruker Avance III + 400 and AVIII HDX + 600 spectrometers. A MSD 5977 Agilent MSD spectrometer was used for EI-MS measurements and a maXis 46 ESI-TOF-HR/MS (Bruker Daltonics) for HR-ESI measurements. Elemental analysis was done with a varioMICROcube [Elementar Analysesysteme GmbH (Hanau)] in the CHNS modus. Melting points were determined with a Büchi B-540 instrument and are given without any corrections.
Compound 6: 6,6-bis(pyridine-1-yl)-5,6-dihydro-dibenzo[c,e][1,2]azaborininyl chloride
6-Chloro-5,6-dihydro-dibenzo[c,e][1,2]azaborinine 1 (30 mg, 0.141 mmol) was dissolved in 2 mL of dry benzene in a Schlenk tube and slowly 1 mL of pyridine was added to it at room temperature. Immediately a bright yellow solid was formed which was washed with n-pentane and dried under vacuum for 3 h to get 46 mg (88 %). As discussed above, at room temperature the borenium ion is detected in solution, while at −20 °C the boronium ion is observed: Compound A: Compound 8c (1.7 g, 3.5 mmol) was suspended in 40 mL of dry toluene in a Schlenk tube and potassium hexamethyldisilazide (0.7 g, 3.5 mmol) dissolved in 30 mL toluene was slowly added at room temperature. Immediately a deep red suspension was formed. The solid was removed by filtration and washed with toluene. The red solution was evaporated to dryness under vacuum. The obtained red solid was suspended in pentane. After around 2 weeks a red solid settled, and on the upper part of the solution a few colorless crystals formed on the wall of the flask (yield not determined). These crystals were isolated and used for analytics. 
X-ray crystallography
Crystals of compound 6 suitable for X-Ray crystallography were grown by standard techniques from solutions using benzene/pyridine mixture at room temperature. Data were collected at 173(2) K on a STOE IPDS II system, equipped with a fine focus sealed tube and graphite monochromator using MoK α radiation (λ = 0.71073 Å) performing ϕ-scans. Raw data were collected and integrated using Stoe's X-Area software package [38] .
Product C was crystallized from solutions using benzene at room temperature. Data for product C were collected on a Bruker APEX DUO instrument equipped with an IμS microfocus sealed tube and QUAZAR optics for MoK α radiation (λ = 0.71073 Å). The Data collection strategy was determined using COSMO [39] employing ω-scans. Raw data were processed using APEX [40] and SAINT [41], corrections for absorption effects were applied using SADABS [42] .
Suitable crystals of product B and compound 8b for X-ray crystallography were grown by standard techniques from solutions using n-hexane/benzene (1:1) and dichloromethane, respectively, at room temperature. Data for product B and compound 8b were collected at 150(2) K on a Bruker SmartAPEX diffractometer with synchrotron radiation source (λ = 0.8 Å). All structures were solved by direct methods and refined against all data by full-matrix least-squares methods on F 2 using SHELXTL [43, 44] and Shelxle [45] . For crystallographic details, see Table 1 .
CCDC numbers 876251 and 1586890-1586892 contain all the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif. 
